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Introduction Introduction Introduction Introduction Introduction
Mammalian aquaporins (AQPs) are a class of at least 13 integral membrane proteins that facilitate rapid passive movement of water, characterized by having a sequence of about 270 amino acids, forming six transmembrane helical domains spanning the lipid bilayer, in such a way as to form two hemichannels, giving origin to an hourglass-shaped channel through which water may pass [1] [2] [3] .
AQPs exist in plants, bacteria, insects and several members of the animal kingdom. They are expressed in various epithelia where they function as channels allowing the permeability of water and small solutes. Subsets of epithelia where AQP water channels are expressed have a 10-to 100-times greater capacity for water permeation compared to those devoid of these proteins [4] . AQPs 0, 1, 2, 4, 5 and 6 are mainly water selective, while AQPs 3, 7, 9 and 10 also transport glycerol, urea and neutral solutes and are called aquaglyceroporins [4, 5] . AQP8 might permeate urea in addition to water [6] . AQP11 and AQP12 belong to a new subfamily, the superaquaporins [7] .
AQPs represent constitutive elements of the plasma membrane in most secretory cell types of exocrine glands [8] [9] [10] [11] [12] [13] [14] . Recently, their presence has been demonstrated in secretory granules and vesicles, indicating an involvement in volume regulation of these structures [15] . Recent research on humans and laboratory mammals, aimed at identifying aquaporins and aquaglyceroporins in the digestive system, has demonstrated that AQP water channels are involved in the physiologic processes of digestion and absorption of the ingesta [16, 17] . Moreover, AQPs have been identified as co-factors in the etiopathogenesis of some gastroenteric disorders [18] [19] [20] [21] . The presence of channels specific for water, urea and other solutes at the membrane level of gastrointestinal glandular cells can be modulated, or can influence in turn hormones, enzymes and pro-enzymes, mediators and other chemical substances, such as vasopressin, Vasoactive Intestinal Peptide, capsaicin, ethanol, histamine and pepsinogen [16, 17, [22] [23] [24] [25] [26] [27] [28] [29] .
In the salivary glands, AQP5 is probably involved in providing for an appropriate amount of fluid to be secreted [15, 30] . In particular, in rat salivary glands, AQP5 is highly expressed in the apical plasma membrane of serous acinar cells, in the secretory canaliculi and in the intercalated duct cells. On the other hand, it is lacking in mucous acinar cells and in striated ducts, indicating its important role in saliva production [14] , further supported by the observation of markedly depressed rates of salivary secretion in APQ5-deficient mice [31] . The significance of AQP5 to human diseases may include important disorders of the lung, airways, sweat glands, lacrimal glands and the salivary glands [13, 31, 32] . A defective trafficking of AQP5 has been found in salivary gland biopsies of some patients with Sjögren's syndrome [33] where an abnormal distribution of AQP5 in salivary gland acini is likely to contribute to the deficiency of fluid secretion.
Literature on salivary gland AQP5 expression is lacking regarding domestic animal species, so this study was chiefly aimed at immunohistochemically investigating the presence of AQP5 in sheep mandibular and parotid glands.
In addition, its expression was evaluated in animals fed with three different forages depending on the pasture vegetative cycle and containing different water amounts. This investigation is part of a wider, multidisciplinary study focused on the morphofunctional variations of the digestive apparatus related to pasture vegetative cycle, aimed at shedding light on the response of biological systems (represented in this case by the salivary glands) to environmental modifications, especially climatic ones, and to their repercussions on farming management planning.
Material and methods

Animal feed, grassland features and forage water amount Animal feed, grassland features and forage water amount Animal feed, grassland features and forage water amount Animal feed, grassland features and forage water amount Animal feed, grassland features and forage water amount detection. detection. detection. detection. detection. Animals utilized for this study were fed dry hay and cereals throughout the winter season, then nourished with fresh grass during the pasture vegetative cycle. While freely grazing, no additional feed was given to animals during the permanence on the pasture. Animals were allowed water twice a day at both sheep-fold and natural pasture. The natural pasture comprised Bromus erectus dominated stands, in the sub-Mediterranean central Apennines of Italy. Forage was usually full-dried in summer because of drought stress and lacking of leaves re-growth. The seasonal length of leaves re-growing depends on the amount of annual rainfall, so it usually changes year by year.
Two consecutive pasture vegetative cycles (2007 and 2008) were considered for this study to obtain above-ground phytomass samples by mowing carried out every 15 days on fenced permanent plots (5 m × 5 m) during the grazing season (end of April to end of October). Mowing plots were part of the pasture areas and were representative of the natural plant communities mosaic where animals used for the experiment were allowed to graze [34] . For each plot, and in each time point considered for the experiment, five pasture samples were harvested. The specimens obtained were kiln-dried at 90°C until reaching a constant weight [35] . Samples of dry hay and rehydrated cereals used for animal nourishment during the winter were similarly treated.
T T T T Tissue collection and processing.
issue collection and processing. issue collection and processing. issue collection and processing. issue collection and processing. Fragments of mandibular and parotid glands were collected upon slaughtering from 18 adult female sheep of the Fabrianese breed. The animals had been fed dry hay and cereals throughout the winter, then nourished with fresh grass during the pasture vegetative cycle. Sheep were slaughtered at different times of the year, thus salivary gland specimens were collected from animals belonging to three experimental groups: 1) at the end of the winter (May), exclusively fed with sheep-fold diet (n = 3); 2) 15 days after the maximum pasture flowering (beginning of August) (n = 3); and 3) 15 days after the maximum pasture dryness (halfway through October) (n = 3). The experiment was repeated over 2007 and 2008, utilizing the same sampling protocol.
Samples were immediately fixed by immersion either in Carnoy's fluid followed by a post-fixation with calcium acetate 2%-paraformaldehyde 4% [36] or in paraformaldehyde 4% [13] , dehydrated in a graded series of ethanol, cleared in xylene and embedded in paraffin wax. Both fixatives were freshly prepared every time.
QP5 immunohistochemistry. QP5 immunohistochemistry. QP5 immunohistochemistry. QP5 immunohistochemistry. Sections of all specimens and controls included in the study were simultaneously processed in the same session of immunohistochemistry. Antibodies, buffer and revelation solutions were made freshly for the experiment.
After de-waxing, serial sections (4 μm thick) obtained from specimens fixed with either fixative were washed and immersed in a freshly prepared 3% H 2 www.fhc.viamedica.pl min to block the endogenous peroxidase activity. This was followed by incubation in 1:20 normal goat serum (DakoCytomation, Denmark, code X0907) in Tris-Buffered Saline (TBS: 0.05 M Tris/HCl, 0.15 M NaCl) for 30 min to prevent background prior to incubation with primary antiserum. Sections were then incubated overnight in a humidity chamber at room temperature using rabbit polyclonal antibodies against rat AQP5 (Alpha Diagnostic International, San Antonio, TX, USA; Cat # AQP51-A) diluted 1:100 in TBS containing 2% of normal goat serum. Subsequently, the sections were rinsed 3 × 5 min in TBS and incubated for 30 min at room temperature with biotinylated goat anti--rabbit immunoglobulins (Vector Laboratories, Inc., Burlingame, CA, USA, code BA1000) diluted 1:200. Streptavidin-Biotin/Horseradish Peroxidase Complex (Vectastain® ABC Kit, code PK-4001, Vector Laboratories, Inc., Burlingame, CA, USA) was employed for detection. The sections were washed 3 × 5 min with TBS before applying liquid 3,3'-diaminobenzidine solution (DAB+ Chromogen, DAKO code # K3467) for up to ten min. Sections were counterstained with Mayers' hematoxylin, dehydrated, and permanently mounted using Eukitt® (Bioptica, Milan, Italy).
Staining controls. Staining controls. Staining controls. Staining controls. Staining controls. Sections of human and rat salivary gland (respectively acquired from University tissue collection and the experimental laboratory animal facility of Milan Veterinary Faculty) served as positive controls for AQP5-immunoreactions. The specificity of the immunostainings was tested by negative controls, performed by: 1) use of non-immune rabbit serum (DakoCytomation; code # X 0903) in place of specific antisera; and 2) omission of the first layer. All of them resulted in an absence of immunoreaction.
The evaluation of staining intensities was based on subjective estimates independently performed by three authors. Slides were observed and photographed under an Olympus BX51 photomicroscope equipped with a digital camera and DP software (Olympus, Tokyo, Japan) for computer-assisted image processing. R R R R Results esults esults esults esults F F F F Forage water amount detection orage water amount detection orage water amount detection orage water amount detection orage water amount detection Data obtained from the drying of pasture samples are reported in Figure 1 . The trend in water content was similar in the two examined years, with a decrease of water percentage in the forage during the summer period, lasting from the end of July to the beginning of September. During 2007, a rather dry year, a sudden decrease in the water content occurred at the end of September. During 2008, a rather rainy year, an increase in water content percentage was observed from the mid of August. The variation in water content among the samples from the same time point ranged from 1.2% to 2.7%.
The dry hay and rehydrated cereals used for animal nourishment during the winter had a water content of 25%.
Immunohistochemistry Immunohistochemistry Immunohistochemistry Immunohistochemistry Immunohistochemistry
The best immunohistochemical results were obtained in Carnoy's-fixed tissues. They are summarized in Table 1 and shown in Figure 2 . In both examined glands, AQP5-immunoreactivity was present in the secretory components only, whereas epithelial cells lining any ductal segment never showed immunoreaction. Mandibular gland showed moderate AQP5--immunoreactivity at the level of the lateral plasma membrane of the serous demilunes (Figure 2A , inset). No reactivity was detected in the mucous adenomeres of the gland (Figure 2A) . The slight AQP5--immunoreactivity detected in the mandibular gland was not affected by the pasture vegetative cycle and relative water content.
The parotid gland showed AQP5-immunoreactivity at the level of the apical and lateral plasma membranes of the acinar cells ( Figure 2B, inset) . AQP5--immunoreactivity was very strong in the parotid gland of group 1 sheep, immediately after going out from the sheep-fold ( Figure 2B) .
Moreover, AQP5-immunoreactivity was slight to strong in the parotid gland according to the vegetative development and the climatic variations. During the first year of the experiment (2007), a decreased AQP5-immunoreactivity was observed in the parotid gland of group 2 sheep, which were nourished throughout the maximum flowering of the pasture ( Figure 2C ) if compared to the reactivity shown immediately after going out from the sheep-fold (group 1 sheep, Figure 2B ). AQP5-immunoreactivity was strong in the parotid glands of group 3 sheep, ana- www.fhc.viamedica.pl group 2 sheep after feeding throughout the maximum flowering of the pasture ( Figure 2D ), and moderate in samples collected from group 3 sheep after feeding for the duration of the maximum dryness of the pasture ( Figure 2D, inset) . No appreciable variability of staining intensity was shown among the samples of the animals pertaining to the same group.
Discussion
Discussion Discussion Discussion Discussion Surprisingly, the best immunohistochemical results were obtained in Carnoy's-fixed tissues. Indeed, formaldehyde is one of the most popular fixatives in immunohistochemistry, partly because of its low cost and manageability, but mainly because of its aptitude in preserving morphological features with few artefacts. Nevertheless, formaldehyde fixation results in a variable loss of immunoreactivity by its hiding or damaging the antibody binding sites. Enzyme digestion or heat-induced epitope retrieval may help in revealing unavailable sites [37, 38] but are invariably harmful to the tissue integrity and might reduce the intensity of the immunostaining. Alcohol and alcohol-based fixatives such as Carnoy's are often superior to formaldehyde in retaining antigenicity [39, 40] and this is further demonstrated by the results of our experiment (not shown).
In both examined glands, AQP5-immunoreactivity was present in the serous secretory components only; the mandibular gland showed AQP5-immunoreactivity restricted to lateral plasma membrane of the serous demilunes, while the parotid gland showed AQP5-immunoreactivity at both the apical and lateral plasma membranes of the acinar cells.
The movement of fluid occurs in the cell plasma membrane through both the transcellular and paracellular pathway [28, 41] . Transcellular water movement can be successfully attained thanks to the presence of water channels in both apical/lateral and basal membranes. In this study, AQP5 was present in the apical and lateral membranes of serous cells in the sheep salivary glands. The basolateral membrane is believed to have high permeability in the salivary gland acinar cells, and AQP5 at luminal surface of the acinar cells is implied to serve as a rate-limiting step in the water transport across the cells [42, 43] . Murakami et al. [28] showed that in the rat submandibular gland, AQP5 is involved in the control of the junctional fluid transport system (JFT system) as an osmosensor able to influence the paracellular pathway. On the other hand, Krane et al. [31] demonstrated an AQP5 involvement in the water transcellular transport in mouse salivary glands. Our results in the sheep salivary glands show that AQP5 is abundantly expressed in the luminal membranes of serous acinar cells. The positive immunoreactivity, likely localized at the level of intercellular canaliculi that radiate from the luminal space of the serous acini of the parotid and mandibular glands, indicates that the presence of AQP5 might increase the functionality of this small apical surface area. As for the parotid gland, the data also agrees with recent findings [13, 44] indicating the role of AQP5 in the secretive process at apical membrane level in human parotid acinar cells.
The moderate reactivity of the mandibular gland did not change, either at different times of the year or between the two examined years. But the parotid gland showed an AQP5 reactivity ranging from slight to very strong according to the vegetative development and the interannual climatic variations. To be precise, during 2007, animals grazed on a pasture which contained, at the maximum of flowering, a water percentage ranging from 65 to 30, whereas in the period of maximum dryness, the water content varied from 30% to 45%, and there was a period of about 70 days in which the water content was less than 50%. During 2007, the AQP5 expression in sheep parotid gland was higher than in 2008. In fact, 2008 was a particularly rainy year, and the pasture percentage of water ranged from 70 to 40 in the period of maximum flowering, and from 40 to 65 in the period of maximum dryness, in which the content of water in the pasture was less than 50% for only 40 days.
Saliva is the principal means of mixing food as well as of dissolving the sapid substances, and its secretion can be increased by different kinds and intensities of stimuli; food ingestion causes a saliva secretion, the amount of which is inversely linked to the food water content; in addition, ruminant parotid glands perform a continuous secretion [45, 46] . Thus, it is not surprising that only the sheep parotid gland was affected by the hydration of the pasture.
The required additional saliva supply when the food water amount is low may be assured by an increased AQP5 expression. This hypothesis is further supported by our findings showing that: -AQP5 staining intensity decreased in the maximum pasture flowering period, when the water amount is higher than in both the winter and maximum pasture dryness period, when samples showed highest AQP5 reactivity; -the variability in APQ5 immunoreactivity was higher during 2007 than 2008, due to the required additional saliva supply linked to the longer pasture dryness period. Actual findings and acquired knowledge on salivary glands [36, [47] [48] [49] [50] allow us to hypothesize for the sheep parotid gland a role in the production of the amount of saliva mainly involved in the lubrica- www.fhc.viamedica.pl tion and mixing of chewed food, while the mandibular gland produces saliva more involved in defensive functions. If this is the case, it is not surprising that only the parotid gland was affected by the hydration of the pasture. It should be noted that there is a close relation between the salivary gland histophysiology and the pasture biological system, evidenced by the rapid functional response of the parotid gland to the environmental changes. This consideration adds to other evidence gathered from the study of morphofunctional modifications of the sheep digestive system linked to environmental variations [51] [52] [53] , and should be taken into account in managing a natural farming system. 
